Abstract: Speech screening of sibilant fricative phonemes is an important tool for oral health care. Nevertheless, screening as a function of quantitative geometrical markers is mostly limited to teeth features whereas the minimum area of the narrowed air passage upstream from the tooth is known to be a key production feature. The minimum area is estimated from non-invasive aerodynamic measurements using a laminar flow model. The influence of viscid flow losses on the area estimation is shown to be negligible. Current data suggest that speech screening is most effective for phoneme /s/, which supports common practice in oral health care.
Introduction
Health care practitioners dealing with health problems related to speech articulators (mouth, face, jaws, or teeth) often rely on speech screening at some stage during diagnostics, treatment or follow-up. [1] [2] [3] In dental practice, speech screening is mostly limited to the impact of geometrical teeth features on sibilant fricative production, 4, 5 whereas a speech disorder following oral, maxillofacial, or orthognathic surgery is considered a secondary byproduct despite its severe impact on everyday oral communication skills. 1, 6 In general, articulatory features related to the oral tract shape are not accounted for in clinical speech screening. Nevertheless, from speech production studies, it is known that the minimum oral tract constriction area A c upstream from the teeth is directly related to the physical mechanism underlying sibilant fricative production. Indeed, a severely narrowed airway passage between the tongue and hard palate, i.e., sibilant groove illustrated in Fig. 1(b) , is needed in order to create a turbulent jet, which will interact with downstream incisors resulting in sibilant fricative noise. 7 Moreover, the presence of a severe constriction is essential for sibilant fricative production, whereas the precise location of the constricted portion has far less influence on the perceived sibilant sound. 8 Therefore, accurate and straightforward estimation of the minimum constriction area A c provides a potential geometrical quantitative marker for integration in clinical speech screening procedures using sibilant fricatives. In the following, estimation of the minimum constriction area A c from aerodynamic quantities is assessed. Aerodynamic data are measured non-invasively on seated human speakers without the need for expensive equipment compared to more commonly applied imaging techniques and with minimal discomfort for the speaker. As a reference, additional data for one of the speakers are obtained using cone-beam computed tomography (CT). Validation of the estimated minimum area is assessed by comparison with data reported in literature. a) Author to whom correspondence should be addressed.
Method

Aerodynamic data
Aerodynamic and acoustic measurements were conducted on two seated male adult subjects, designated as "YF" (native French speaker) and "KN" (native Japanese speaker). Subject "KN" pronounced several segments of sibilant /s/; subject "YF" pronounced several segments of sibilant /s/ and fricative /f/ for comparison. Three different loudness levels were assessed, namely "soft," "medium," and "loud." For each combination of speaker, phoneme, and loudness level more than 5 repetitions were acquired using the EVA (Evaluation Vocale Assist ee, assisted vocal evaluation) system. 9 The EVA system, illustrated in Fig. 1(a) , was used for simultaneous measurement of normalized radiated acoustic pressure (sampling frequency 25 kHz), oral airflow (U, sampling frequency 6250 Hz) and intra-oral pressure (DP, sampling frequency 6250 Hz). The EVA system was calibrated for the range of aerodynamic values against the following reference sensors: Br€ uel & Kjaer microphone (B&K 4192), volume flow meter (TSI 4000) and pressure sensor (Endevco 8507C). The positioning of the oral airflow meter and microphone of the EVA system is shown in Fig. 1(a) . The intra-oral pressure was measured using a tube of outer diameter 5 mm and length 30 cm which was connected to the pressure sensor. The tube was inserted at the mouth corner and placed upstream from the minimum constriction between the hard palate and the tongue.
An example of aerodynamic and acoustic data measured with the EVA system during sibilant /s/ utterances is presented in Fig. 2 . Each individual sibilant utterance was automatically detected from the measured oral airflow following a two-step threshold procedure. In a first step, single sibilant events were detected from positive values since negative values correspond to inspiratory breathing efforts in between sibilant utterances. In a second step, the spectrally quasi-steady noise portion of the spectrogram of the acoustic signal was detected using an objective threshold criterion based on the maximum oral airflow U for each individual sibilant event [>0.6max(U)]. The mean duration of the selected portion varied from 0.3 s up to 2 s.
CT data
A cone-beam CT scan (CB MercuRay, 512 slices of 512 Â 512 pixels with accuracy 60.1 mm) was made for the single seated adult male subject "KN" while uttering phoneme /s/ at "medium" loudness level (%21 L/min), so that the articulators positions (teeth, tongue, lips) corresponded to a sibilant /s/ sound articulation. The imaging process lasted about 10 s. The oral cavity volume and its shape were reconstructed using a marching cube method. 10 The maximal error yielded 60.2 mm. A center slice of the oral tract volume is illustrated in Fig. 1(b) . The minimum area within the constricted passage of length L ' 22 mm yielded 3.5 mm 2 corresponding to a minimum hydraulic diameter D c ¼ 2.1 mm. Note that a length of 22 mm corresponds to the upper end of the physiological range (10 mm up to 30 mm). 
Estimation of minimum constriction area from aerodynamic data
The production of sibilant fricatives is governed by three physical quantities: minimum area of the narrowed airway passage A c , quasi-static pressure drop across the constriction DP and oral airflow U. 
] allow one to model the flow as one-dimensional, inviscid, incompressible, laminar, and quasi-steady. 7, 11 The relationship between the quantities characterizing sibilant production (A c , DP, and U) is then derived from the inviscid Euler equation:
with air density q ¼ 1.2 kg/m 3 , area upstream from the constricted portion A 0 and ad hoc constant c s > 1 defining the position of flow separation along the diverging portion of the constriction as c s Â A c . 11 Further assuming A 0 ) A c and denoting k ¼ c 2 s results in the following relationship:
Equation (2) has the same form as the so-called orifice equation which was empirically derived by Warren and DuBois 12 to provide a non-invasive estimation of the minimum constricted area A c when the pressure drop DP is approximated by the pressure upstream from the constriction, i.e., the intra-oral pressure. In the empirical orifice equation the ad hoc constant k 1 combines inlet and viscous losses. In the current work, the constriction inlet is not sharp, so that considering first k 1 for losses in the orifice Eq. (2) and second k ! 1 for flow separation Eq. (1), k ¼ 1 seems a good compromise. With k ¼ 1, Eq. (2) reduces to
from which the hydraulic diameter of the minimum constricted area yields D c ¼ 2 ffiffiffiffiffiffiffiffiffiffiffiffi A c =p: p For the narrowed airflow passage characterizing sibilant sound production, the assumption of a circular cross-section within the narrowed passage is motivated from imaging studies 8, 13, 14 so that when accounting for viscous losses the pressure drop is proportional to volume flow rate U at a rate determined by Lðq8p=A A c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where the right-hand term proportional to U 2 corresponds to Eq. (3) and the righthand term proportional to U expresses the influence of viscosity. Since Eqs. (3) and (4) are derived theoretically for laminar flow, their use for sibilant sound production relies on the assumption that the flow, up to the point of separation, remains laminar, while a turbulent jet develops downstream from flow separation. Consequently, Eq. (3) (without viscous losses) and Eq. (4) (with viscous losses) provide the sought expression of minimum area A c (or associated hydraulic diameter D c ) as a function of pressure drop DP and volume flow rate U. Figure 3 illustrates the variability of the measured quantities (DP and oral flow rate U) for each of the assessed loudness levels ("soft," "medium," and "loud"), subject ("KN" or "YF") and phoneme (/s/ or /f/). An increased loudness level corresponds to an increased oral flow rate U. Figure 3 shows that the resulting variation (standard variation r) of measured aerodynamic values DP and U is smaller than 10% of the mean value (denoted with an over-line bar) for all assessed loudness levels, subjects, and phonemes. The variation increases with U, and thus with loudness level, for both /s/ and /f/. The repeatability for /f/ is less than for /s/, in particular, the variation in U associated with /f/ is larger than that observed for /s/. In addition, the parameter space spanned by the mean values U and DP for different loudness conditions is smaller for /f/ than for /s/ so that the use of different loudness conditions is more effective, in terms of aerodynamic variability, for /s/ than for /f/. Therefore, from the current data, sibilant fricative /s/ seems a better candidate to be included in a health care protocol than fricative /f/ based on repeatability and extent of the parameter space associated with aerodynamic observations of intra-oral pressure DP and oral flow rate U. This finding supports the use of phoneme /s/ in dental health care. 3, 5, 8 The hydraulic diameter D c is estimated from the overall mean values of intraoral pressure DP and oral flow rates U shown in Fig. 3 following Eq. (3). An upper limit for the standard deviation of D c , r Dc , is obtained from (U , r U ) and (DP, r DP ) following the logarithmic differentiation method as 16 r D c D c 1 2
Results and discussion
The resulting estimates of the minimum hydraulic diameter D c and the variation r Dc for each phoneme (/s/ and /f/), each loudness level (or volume flow rate) and subject ("KN" or "YF") are illustrated in Fig. 4 . The estimated diameters range from 2.5 mm up to 5 mm for phoneme /s/ and from 5.5 mm up to 6.2 mm for phoneme /f/. Estimated values are well in the range of values reported in literature based on different imaging techniques (x-ray, magnetic resonance imaging or ultrasound) 7, 13, 14, 17, 18 for both phonemes. Because of the larger standard deviation of measured aerodynamic quantities for /f/ than for /s/ (Fig. 3) , the standard deviation of the estimated minimum diameter is smaller for /s/ than for /f/. Consequently, the minimum constriction area can be straightforwardly and accurately estimated from aerodynamical measurements Fig. 3 . (Color online) Overall mean U and DP (symbols) and overall variation r U and r DP (horizontal and vertical whiskers) of intra-oral pressure DP and oral flow rates U for all assessed loudness levels ("soft," "medium," and "loud") for subjects "YF" (/s/ and /f/) and "KN" (/s/). Inviscid flow is supposed in Eq. (3), so that following Eq. (1) the oral flow rate U is proportional to the square root of the measured intra-oral pressure DP. However, for small volume flow rates through a severely constricted area, viscosity is known to affect the flow 15 and in this case a linear relationship between oral flow rate U and intra-oral pressure DP occurs for which the proportionality constant depends on the cross-section shape of the constricted area as well as on the streamwise extent of the constricted portion. 15 The pressure-flow measurements shown in Fig. 3 , suggest such a change of slope for linear segments connecting respectively "soft-medium" and "medium-loud" levels, although more data are needed to establish the potential onset of the viscid flow regime. Therefore, the effect of viscosity on the estimated hydraulic diameter D c is approximated as expressed by Eq. (4). The length of the constricted portion is set to 22 mm based on the CT scan illustrated in Fig. 1(b) . It is seen (crosses in Fig. 4 ) that accounting for viscous losses does not improve the accuracy of the estimation of the hydraulic diameter of the minimum constriction area. Consequently, for the phoneme /s/ an inviscid laminar flow model, Eq. (3) can be used to estimate the order of magnitude of hydraulic diameter D c for all loudness conditions. Finally, it is noted (dashed line in Fig. 4 ) that, regardless of the loudness condition, D c values reported in literature or estimated from aerodynamic measurements, are greater than hydraulic diameter D c ¼ 2.1 mm characterizing the minimum area (3.5 mm 2 ) of the reconstructed oral tract geometry from CT data described in Sec. 2.2. The discrepancy is suggested to be because of the different duration of the phoneme /s/ during aerodynamic measurements (natural, <2 s) and the imaging process (sustained, %10 s). The prolonged timespan required for CT volume imaging favors a lower oral flow rate, which in turn results in smaller D c values following Eq. (3). Considering the wide range of U(D c ) values represented in Fig. 4 (estimated or taken from literature), it is seen that a decrease in oral flow rate alone cannot explain the low value of D c of the reconstructed geometry. Although no conclusion can be made from the current data, it seems that the effect of a lower flow rate is reinforced by hyper-articulation in order to produce a sustained sibilant /s/ during several seconds, which is not a natural speech condition.
Conclusion
Oral air flow and intra-oral pressure were measured during sibilant fricative utterances of two seated speakers using a simple non-invasive measurement technique. The minimum area of the narrowed passage upstream from the teeth, characterizing sibilant fricative phonemes, was estimated from aerodynamic quantities using a laminar inviscid flow assumption. It is shown that accounting for viscid flow losses is negligible compared to the uncertainty resulting from aerodynamic data statistics. Estimated values correspond well with values reported in literature. Therefore, the proposed estimation of aerodynamic quantities is judged to be accurate and thus provides a non-invasive quantitative method to include an articulation parameter in speech screening protocols for sibilant fricatives. Moreover, on the basis of the uncertainty of the estimated minimum area, it is concluded that phoneme /s/ is more suited for speech screening than phoneme /f/ which supports common practice in oral health care. Finally, it is noted that a more detailed validation remains to be done since the number of speakers in the current study is limited and speakers have good oral health. Nevertheless, validation is not straightforward since most studies reporting on the minimum area lack quantitative information about associated aerodynamic quantities and the diversity in screening protocols and applied techniques (speaker in seated or supine position, natural or sustained phonemes, different phoneme loudness conditions, different acoustic environment, etc.). Future studies combining imaging techniques and aerodynamic measurements applied during a same protocol in an identical acoustic environment are of interest.
